Abstract-In this paper, models of internal and external optical feedback effect in fiber linear lasers have been presented. The effects of optical feedback could be equivalent to the variation of laser cavity loss, and the output expressions of two models are deduced. According to the simulation results, the optical feedback system in fiber linear lasers has the same phase sensitivity as the traditional self-mixing effect in semiconductor lasers. The experimental results show a good agreement with the simulated results. Comparing the output of internal structure with that of external structure, we can conclude that the internal optical feedback system can get higher output gain and stripe depth, which reveals that the internal feedback structure has better sensing characteristics.
INTRODUCTION
Optical feedback effect in lasers i.e. injected modulation effect refers to a portion of light emitted from a laser source reflected or scattered by an external target and coupled into the laser cavity. The feedback light which carries information of the external target then mixes with the light inside the cavity, and modulates the output of laser power. The signal characteristic of this system is similar to that of the conventional two-beam interference, thus it is also called laser self-mixing interference [1] [2] [3] [4] [5] .
Optical feedback effect in lasers has demonstrated unique features since it was first reported in the 1960s to measure changes in the optical length and the behavior of lasers. These features include a simple, single-axis optical arrangement, minimal optical components, and high sensitivity at low light level. Optical feedback effect is familiar in sensing application. It can easily perform noncontact and remote measurement of distance, microdisplacement [6, 7] , velocity [8, 9] , vibration [10, 11] , reflectivity [12] . It has also found application in feedback parameter measurement [13] , and small intracavity phase anisotropy measurement [14] , etc.
In previous research, many researchers analyzed the theory and observed the experiment phenomena of optical feedback effect focused on the laser diode. Along with further development of optical feedback effect theory and the research of a passel of new type medium, more and more researchers consider using new type lasers -the vertical-cavity surface-emitting laser (VCSEL) [15] , the Yb: Er glass laser [16] , the CO 2 laser [17] , the distributed feedback (DFB) laser [18] , etc. -for sensing applications which are based on optical feedback effect, looking forward to obtaining better performance. Since fiber laser has a lot of advantages like convenience in miniaturization and transportation, and fiber network is convenient in communication and multimedia transmission [19] [20] [21] , their application in optical feedback sensing has attracted more and more attention [22] . This paper focuses on the optical feedback effect in fiber linear lasers which can satisfy the requests of microminiaturized sensing device and the demand of remote detecting, and predigest the structure of sensing system. Two modes of the optical feedback effectsinternal feedback, external feedback -in fiber linear lasers are analyzed. The feedback part of the former becomes part of the fiber laser, and makes the laser not only a light source, but also a sensitive element. This application can make the sensing system simple, compact, and low cost. The expressions of system output variation with the conditions of internal or external feedback are deduced based on the transcendental equations of fiber linear lasers, and compared with each other in simulation and experiment. The system output variations are discussed by changing the experiment condition, which show a good agreement with the results of the theoretical analysis and the simulation.
The optical feedback system based on fiber linear laser has same phase sensitivity with the traditional self-mixing interference based on semiconductor lasers: one fringe shifting of the output power corresponds to half optical wavelength displacement of the target.
The differences between internal and external feedback models are: (1) the former system has no output when there is no feedback, but the later has stable output with or without feedback; (2) the feedback part in the former becomes a part of the laser, which makes the laser become not only a light source, but also a sensitive element. The conclusion of optical feedback effect in fiber linear lasers obtained in this paper offers the theoretical foundation and experimental technology for the laser sensing network.
II. MODEL Fig. 1 The incident light is absorbed by the gain medium of EDF. The energy of incident light excites the electrons of the medium to a higher energy level. By relaxation, electrons from the high energy level which transition to the ground level release energy and emissive photons. The EDF is excited by a high power pumping source, which causes the erbium ion to be formatted population inversion. The resonance effect between the signal light with wavelength of 1550nm and the erbium ion causes the metastable ion returns to ground level, releases extra photons with the signal wavelength, and achieves light amplification. The rate of the population variation is determined by the velocity of spontaneous transition and stimulated transition. The variation of population inversion can be exhibited by the rate equation [23] .
The variation of the signal and the pump power in EDF can be expressed as: 
the signal saturation powers have the following relation: 
Inserting (3) into (5) 
Inserting (5) 
By combining (5) with (7), the signal power amplified in EDF fiber for single round can be expressed as: 
The output power of the fiber linear laser can be deduced as: Fig. 2 illustrates the model of internal optical feedback system based on fiber linear laser. A coupler is inserted between EDF and FBG 2 , which introduces the optical feedback part. The pump light with wavelength 980nm is launched into the linear cavity by WDM. The signal light is amplified by EDF, then travels to a target through the coupler and is reflected back into the linear cavity. The reentered light, which carries the information of the target, modulates the output of the laser. There is no output without feedback. So the feedback part becomes a part of the fiber linear laser, and makes the laser become not only a light source, but also a sensitive element. f r and t r are the reflectivity of fiber end and the target, 21  and
22
 composed the cavity loss 2  , and k denotes splitting ratio of coupler. The influence caused by the feedback light from the target could be equivalent to the variation of cavity loss
here  is the coupling coefficient of fiber end, ω denotes L is the initial feedback cavity length when normalized size of reflected spot is equal to one.
The analytic equation of laser output with internal optical feedback could be deduced as follow: (1 ) '
The external feedback model is presented in Fig. 3 . There is a stable output with or without the feedback. The laser output travels to a target through the coupler and is reflected back into the linear cavity, modulates the output of the laser. The influence of external optical feedback also could be equivalent to the variation of cavity loss 2  :
The laser output of external feedback model could be deduced as follow: (
Amplified spontaneous emission (ASE) and excitedstate absorption (ESA) are neglected in the theory analyzed above. Stimulated radiation plays a dominant role when the input signal power is significantly above the threshold, and ASE is neglected. Erbium pumped at 510, 532, 665, 810, 980, and 1480nm with the latter two wavelengths being favored since there is no ESA at these wavelengths.
III. SIMULATION
In this section, the optical feedback effect in fiber linear laser is simulated. The parameters are presented in Table I . Fig. 4 illustrates the simulated results of system output versus the variation of target reflectivity t r and initial feedback cavity length ext0 L . From Fig. 4(a) we can find that the laser output exhibits sinusoidal characteristic with the tiny variation of feedback cavity length ext L . One fringe shifting of the output corresponds to a target displacement of  /2, which verifies that this system has the same phase sensitivity with traditional self-mixing interference system in semiconductor lasers. The similarity between the optical feedback effect in fiber linear lasers and traditional self-mixing interference in , sharp peaks occur in the wave, and the rapidly increase of peak-peak (pk-pk) value appears. Because of the output should also consider the influence from the feedback caused by fiber end, the interaction between the feedback of target and fiber end is more obvious when t r is close to f r . The simulated result of the pk-pk value and the mean power of output versus the reflectivity variation of the target is shown in Fig 4(b) . The pk-pk value increases whereas the mean power of output decreases when r t approaches to 0.04. The extremal point occurs when tf 0.04 rr  . The pk-pk value decreases whereas the mean power increases while t r >0.04, and the variations get smoothly when t r further increases. With the increases of target reflectivity, the mean power can get up to 30mW. 
The simulated result of the pk-pk value and mean power of output versus the variation of initial feedback cavity length L ext0 are shown in Fig. 4(c) . The pk-pk value increases whereas the mean power decreases with the increase of initial feedback cavity length, and the pk-pk value gets smoothly when ext0 L >0.01cm. In the stable field of the pk-pk value, the shorter feedback cavity length can be chosen; the relative stronger mean power of output can be obtained. Thus the obtained signal is more helpful for sensing application.
From Fig. 5(b) , we can find that the pk-pk value and the mean power of output increase when target reflectivity t r increases. The mean output power of external feedback system increases from 0 to 0.36, which is much lower than that of the internal feedback system. This conclusion reveals that the internal feedback system has better sensing characteristics than the external feedback system. IV. EXPERRIMENTAL OBSERVATION Fig. 6 shows the experimental setup of fiber linear laser with optical feedback. The pump light (200mW, 980nm) is coupled into the linear cavity through a WDM (980/1550nm). The wavelengths of two FBGs are 1549.97nm and 1549.94nm respectively. One of the WDM ports is connected to a photodetector (PD) for observation. The optical feedback is achieved by a reflector which is fixed to a piezoquartz (PZT). The PZT is driven by sinusoidal voltage signal. The vibration amplitude of PZT is proportional to the driving voltages. The experimental setup of internal feedback system is presented in Fig. 6(a) . The optical coupler is inserted between EDF and the right FBG to lead the feedback light injects back into the cavity, and causes no laser output when PZT has been removed. Fig. 6(b) shows the experimental setup of the external feedback system. The system has stable output with or without optical feedback induced by PZT. influences the stripe number of output instead of the stripe depth and the mean power. The pk-pk value of trace d is 108mV. From the figure we can find that the value of the internal feedback system output is much higher than that of external feedback system output. This conclusion agrees with the simulated result, which means the internal feedback system has better sensing characteristics. Based on the theoretical analysis and simulation, we can know that one fringe shifting of the laser output variation corresponds to a target displacement of  /2.
And from the Fig. 7 we can find the fringe numbers of internal system output are about 2, 4, and 6 in half period of PZT vibration respectively, which indicates the amplitude of target vibration are about 1.55μm, 3.1μm, and 4.65μm. The results are approximately equal to the set values. The inclination of the fringes corresponds to different movement directions. According to these, we can find that this system is helpful in displacement measurement application. The abnormity of the fringe denotes the turning of movement direction. The third distortion occurred corresponds to one vibration periodic. From that we can know the vibration frequency. Combining the analysis of the fringe number and the vibration periodic, this system can be used in vibration measurement application. Figure 8 . Experimental results of internal feedback system output versus the variation of the target reflectivity. Figure 9 . Experimental result of internal feedback system output versus the variation of initial feedback cavity length. Fig. 8 shows the output of internal feedback system versus the variation of target reflectivity t r . The reflectivity gets weaker from trace 'a' to 'c' which is close to the reflectivity of fiber end. The pk-pk values of output obtained by experimental data are about 144mV, 392mV, and 1.30V, and the mean value are about 9.03mV, 8.58mV, and 2.4mV, which means the pk-pk value increases and the mean power decreases with t r decreases . The fringe shows sharp peaks in trace 'c' as the target reflectivity is close to the reflectivity of fiber end f r , and the pk-pk value rapidly increases while the mean value rapidly reduces. This phenomenon corresponds to the extreme value shown in Fig. 4(a) and (b). According to the one-to-one correspondence between laser output pk-pk values (or mean powers) and the target reflectivity values, we can find that this system can be used in reflectivity detection. Fig. 9 denotes the detected output variation versus the variation of initial feedback cavity length ext0 L . The cavity length gets longer from trace 'a' to 'c'. The signal presents a saw-tooth like waveform. The pk-pk values of output are 240mV, 416mV, and 584mV, and the mean values are 4.08mV, 3.96mV, and 3.90mV, which means the pk-pk value increases and the mean power decreases with ext0 L increases. These phenomena show a good agreement with the simulation result shown in Fig. 4(c) . We could easily get the distance between target and the fiber end according to this one-to-one correspondence, which shows the feasibility of distance measurement application.
V. CONCLUTION
Two optical feedback systems are presented based on the structure of fiber linear lasers in this paper. The output equation of this system is deduced. The internal and external feedback models are built to analyze the influence of the feedback to system, and the results are verified through experiment. The experimental results offer the feasibility of displacement, vibration, and reflectivity measurement applications, and offer the theoretical foundation and experiment technology for novel fiber sensing network.
